Abstract: Lasing is demonstrated from gallium nitride nanotubes fabricated using a two-step topdown technique. By optically pumping, we observed characteristics of lasing: a clear threshold, a narrow spectral, and guided emission from the nanotubes.
Introduction
There has been tremendous interest in gallium nitride (GaN) nanowire lasers in the past decade due to the potential for compact and coherent light sources for on-chip applications [1, 2] . The ability to control the cross-section of nanowire lasers offers interesting advantages, such as mode selection, polarization control, and beam shaping. However, cross-sectional control of nanowire lasers has not yet been widely studied due to the limitations of bottom-up growth techniques. Here, we demonstrate lasing from GaN nanotubes fabricated using a two-step topdown method. Hollow beam emission was observed by imaging the end-facet emission of the GaN nanotube lasers.
GaN nanotube lasers fabrication
GaN nanotubes are fabricated by a top-down two-step etch process shown in Figs. 1(a-c) . This process starts with a c-plane GaN epitaxial film grown on a 2-inch sapphire wafer by metal organic chemical vapor deposition (MOCVD). Nickel rings with controlled dimensions were formed on top of the GaN film as etch masks ( Fig. 1(a) ). The masks patterns are then transferred into the GaN film by a chlorine-based inductively coupled plasma (ICP) dry etch ( Fig. 1(b) ). Following the dry etch, the sidewalls of the nanotubes are rough and tapered. A selective wet etch is then used to make the sidewalls straight and smooth ( Fig. 1(c) ) while simultaneously removing the dry etchdamaged sidewall material [3] . 
Experimental Setup
The fabricated GaN nanotube lasers are characterized experimentally by means of a two-arm microphotoluminescence (µ-PL) setup depicted in Fig. 1(d) [4] . Nanotubes are placed pointing out of the side edge of a cleaved Si substrate, thus allowing for the collection of the end-facet emission. The GaN nanotubes are individually optically pumped by a frequency quadrupled Nd:YAG laser. The pump laser is focused to a ~7 µm diameter spot using a 50X objective (Objective 1). Objective 1 also collects the light emitted by the GaN nanotube that is scattered by the substrate. CCD camera 1 and a high resolution spectrometer are used to capture images of the scattered emission and analyze the optical spectra, respectively. The GaN nanotubes' end-facet emission is collected using a 40X objective (Objective 2) and imaged with CCD camera 2 in the collection arm.
Results and discussion
Figs. 2(a) and 2(b) show CCD images of a single GaN nanotube optically pumped below and above threshold, respectively. Below threshold, uniform emission across the entire nanotube is observed (Fig 2(a) ), which indicates spontaneous emission. When the GaN nanotube is pumped with a higher excitation level, intensities at both ends of the nanotube become much stronger than in the middle, indicating guided stimulated emission (Fig 2(b) ). Furthermore, interference patterns can also be observed in Fig. 2(b) , indicating coherent emission. Emission spectra for different pump power densities of a single GaN nanotube are plotted in Fig. 2(d) . At low pump power densities, a broad spectrum centered at 367 nm is observed. When excited at high peak pump power densities, a single narrowband lasing peak with a full width half maximum (FWHM) of 0.18nm is observed. At even higher pumping intensity, an additional narrow-band lasing peak appears in the spectrum. The mode spacing is measured to be approx. 1 nm. The emission intensity versus peak pump power density (L-L) curve is shown in Fig. 2(e) . Fitting the data gives a lasing threshold of 659 kW/cm 2 . Fig. 2(c) shows an example of the far-field lasing emission from the end-facet of a single nanotube showing a hollow or donut-shape emission with minimum emission at the center. 
Conclusion
We report the first experimental demonstration of optically-pumped GaN nanotube lasers. The nanotubes were fabricated using a two-step top-down technique allowing for cross-sectional shape control with controllable dimensions. Lasing with narrow spectral emission is observed after the excitation level exceeds a threshold level. Imaging of the end-facet emission of the GaN nanotube lasers reveals a hollow beam profile, which can have implications for integrated nanophotonics requiring beam shape control.
